Statement: Many insects ion balance in the cold. We show how one 26 neuropeptide can slow ion transport and reduce the cold tolerance of a fly. 27 28 29 30 Abstract 31
Introduction 51
The majority of insects are chill susceptible, meaning that they are injured and killed by exposure 52 to temperatures that slow physiological processes without causing ice formation (Baust and 53 Rojas, 1985; MacMillan and Sinclair, 2011a; Overgaard and MacMillan, 2017) . There is a 54 growing interest in understanding the biochemical and physiological mechanisms underlying 55 chill susceptibility in ectothermic animals, and several studies have demonstrated that the ability 56 of terrestrial insects to maintain ion and water homeostasis in the cold is closely associated with In particular, the ability to maintain low extracellular [K + ] appears critical to chill tolerance 60 (Overgaard and MacMillan, 2017) . Chilling slows the activity of membrane bound ATPases 61 (such as Na + /K + -ATPase), leading to rapid membrane depolarization through a reduction in the 62 electrogenic contribution of these primary active transporters to membrane potential (Andersen 63 acclimated Drosophila better defend rates of fluid and K + secretion at low temperatures, a 97 modification that would help prevent against hyperkalemia (Andersen et al., 2017c;  MacMillan 98 et al., 2015d; Yerushalmi et al., 2018) . Chill tolerant drosophilids also reduce rectal K + 99 reabsorption during cold stress (preventing hyperkalemia) while those that are chill susceptible 100 have higher rates of K + reabsorption in the cold (which would contribute to hyperkalemia) 101 (Andersen et al., 2017c) . Similarly, cold acclimated D. melanogaster have reduced rates of K + 102 reabsorption at the rectum relative to warm acclimated flies (Yerushalmi et al., 2018) . Although 103 the impacts of cold acclimation on the transport of other ions remain to be examined in 104
Drosophila, a recent and thorough analysis with locusts (L. migratoria) demonstrated that cold 105 acclimation led to increased rates of rectal Na + , Cland water reabsorption without increasing K + 106 reabsorption (Gerber and Overgaard, 2018) . Critically, all of these changes suggest that insect 107 cold tolerance is intimately tied to the ability of the Malpighian tubules and rectum to maintain 108 function at low temperature in a manner that favours low extracellular [K + ]. All of the above 109 studies, however, have been conducted without the influence of neuroendocrine factors that are 110 known to precisely regulate insect renal function in vivo. 111
Ion and water balance are under tight neuroendocrine control in insects; rates of transport in the 112
Malpighian tubules and hindgut are independently controlled by a variety of factors. Many 113 neuropeptides, for example, are produced in neurosecretory cells in the central nervous system 114 and released into the haemolymph, where they bind to receptors, initiating signaling cascades 115 that alter rates of ion and water secretion or absorption (Coast, 2007) . Diuretic factors, such as 116 the corticotropin-releasing factor-related peptide, stimulate fluid secretion by the Malpighian 117 tubules, while anti-diuretic factors can slow rates of primary urine production by the tubules or 118 lead to enhanced reabsorption across the hindgut (Coast et al., 2002) . Several factors have been 119 demonstrated to induce diuresis in insects, while the number of described anti-diuretic factors is 120 much more limited, despite widespread appreciation that the ability to slow rates of diuresis is 121 likely critical to insect survival under a wide variety of abiotic conditions (Paluzzi, 2012) . 122
The first member of the CAPA peptide family was originally identified and found to be 123 cardioacceleratory in Manduca sexta (Huesmann et al., 1995) , and genes encoding these peptides 124 were later discovered in D. melanogaster, and called capability (Davies et al., 1995; Kean et al., 125 to understand the mechanisms through which abiotic stressors, such as desiccation or cold stress, 143 impact organismal fitness. Given their role in osmotic balance, and the importance of osmotic 144 balance to both desiccation and chill tolerance, members of the CAPA peptide family have 145 already been tested in such a context (Terhzaz et al., 2015) . In Drosophila, cold stress leads to 146 upregulation of capa mRNA; injections (µM) of Manse-CAP2b speed up recovery from chill 147 coma, and targeted knockdown of the capability gene slows chill coma recovery (Terhzaz et al., 148 2015) . The physiological means by which CAPA has these effects on chill tolerance, however, 149 remain unknown. 150
Here, we test the hypothesis that CAPA peptide exerts differential activity on chill tolerance in 151 D. melanogaster through dose-dependent effects of this neuropeptide on Malpighian tubule ion 152 and water secretion. We predicted that very low (e.g. fM) doses of CAPA would be anti-diuretic 153 (inhibit fluid secretion by the Malpighian tubules), which would impair K + clearance from the 154 haemolymph and thereby impair chill tolerance. We further predicted that higher doses (µM) of 155 CAPA would be diuretic (as previously demonstrated), which would improve chill tolerance 156 through increased K + clearance by the tubules. We follow this mechanistic analysis by 157 addressing a simple question: What levels of CAPA peptides are likely to occur in the 158 haemolymph of a free-living adult fly? 159
Materials and Methods 160

Animal husbandry 161
The population of Drosophila melanogaster used in this study was derived from isofemale lines 162 Drosophila medium (Lakovaara, 1969) . Groups of ~80 adult flies were given access to fresh 165 food for 2-3 h to oviposit before being removed to ensure rearing densities of ~100 eggs per 166 bottle. Females were collected under brief CO2 anaesthesia (<2 min exposure to CO2) upon final 167 ecdysis and transferred to vials containing 7 mL of the same medium at a density of 20 flies per 168 vial, where they were left to mature for seven days, in part to avoid effects of anaesthesia on chill 169 tolerance (Nilson et al., 2006) . All experiments were thus conducted on seven day-old virgin 170 female flies. 171
Short-term effects of CAPA on chill coma recovery 172
To examine the effects of CAPA injection on chill coma recovery time (CCRT), we conducted a 173 dose-response experiment. Individual female flies (n=9-14 flies per treatment group) were 174 transferred (without anaesthesia) to 4 mL glass screw top vials that were submerged in an ice-175 water slurry (0°C), which rapidly induced chill coma as it is below the critical thermal minimum 176 temperature for this population of D. melanogaster (MacMillan et al., 2017). Flies were left at 177 0°C for either 30 min or 2 h, whereupon they were individually removed from the ice-water and 178 placed on a plasticine surface on top of a double-walled glass plate held at 0°C. A mixture of 179 ethylene glycol and water was circulated through the glass dish from a refrigerated circulating 180 bath (MX7LL, VWR International, Mississauga, Canada) to keep the flies in chill coma during 181
injection. 182
Solutions containing an insect CAPA neuropeptide (Aedes aegypti CAPA-2, AedaeCAPA-2: 183 pQGLVPFPRV-NH2), were prepared in order to achieve a final post-injection concentration of 184 10 -15 , 10 -12 , 10 -9 , and 10 -6 M based on a ~80 nL haemolymph volume (Folk et al., 2001) . CAPA 185 peptide solutions were made up in a 1:1 mixture of Drosophila saline (117 mM NaCl, 20 mM 186 KCl, 8.5 mM MgCl2, 2 mM CaCl2, 10 mM glutamine, 20 mM glucose, 4.3 mM NaH2PO4, 187
NaHCO3, 15 mM MOPS, pH 7.0) and Schneider's insect medium (Sigma-Aldrich, Oakville, ON, 188 Canada). Injections (18.4 nL) were administered into the haemolymph at the base of the left 189 wing (mesopleurum) using a pulled glass microcapillary connected to a Nanoject system 190 (Drummond Scientific Co., Broomall, USA). Control flies were put on the cooled plate but 191 received no injection, whereas sham-injected flies were injected with saline that did not contain 192 any CAPA peptide. Flies were subsequently placed back into their vials and re-submerged in the 193 ice-water at 0°C. All flies spent a total of 3 h at 0°C before being removed to record chill coma 194 recovery time, and thus the groups injected at 30 min and 2 h differed only in the time during the 195 cold stress at which the injection was given. 
Effects of CAPA peptide injection on chill coma recovery after prolonged chilling 201
To determine whether CAPA injection similarly impacted chill coma recovery after chronic 202 chilling, we measured chill coma recovery following 16 h exposure to 0°C (n=18-19 flies per 203 treatment group). As in the previous experiment, D. melanogaster females were individually 204 separated into 4 mL glass vials that were submerged in an ice-water slurry (0°C). After 15 hours 205 at 0°C, flies were injected with 18.4 nL of either the sham, or CAPA peptide (to achieve final 206 concentration of 10 -6 M or 10 -15 M, the lowest and highest doses used in the prior short term chill 207 experiment). Control animals were handled in the same way as described above but received no 208 injection. The flies were then returned to their vials and placed in the ice water slurry for a 209 further 1 h (meaning they experienced 16 h at 0°C in total), at which point the flies were 210 removed from the ice bath and transferred to room temperature to measure CCRT as above. 211 212 Effects of CAPA peptide injection on survival following a cold stress 213
To examine whether CAPA peptide injection influences survival following prolonged chilling, 214
we injected flies early in a 16 h cold stress and recorded survival outcomes (n=50 flies per 215 treatment group). As above, individual flies were placed into 4 mL glass vials and submerged in 216 an ice-water mixture (0°C). Flies were injected after 1 h at 0°C with either the saline alone (i.e. 217 sham), or saline containing CAPA peptide in order to achieve a final titre of 10 -6 M or 10 -15 M in 218 the haemolymph. The flies were then returned to their vials, and held at 0°C for a further 15 h 219 (16 h at 0°C in total) upon which they were removed from the cold and transferred to 40 mL 220 plastic vials containing 7 mL of fresh food medium in groups of 10. The flies were then held 221 under their rearing conditions (25°C) for 24 h, before being visually inspected to determine 222 survival, which was scored for each fly on a 5-point scale: 1 = dead (no movement), 2 = moving 223 but unable to stand, 3= standing but not climbing, 4 = climbing, 5 = flying. 224
225
Effects of CAPA and cGMP on Malpighian tubule function 226
We measured the effects of low Sarasota, FL, USA) using a P-97 Flaming Brown micropipette puller (Sutter Instruments Co., 248
San Rafael, CA, USA) to produce a probe with a short shank and wide angle with a ~5 µm tip 249 diameter. Micropipettes were then silanized at 300°C with N,N-dimethyltrimethylsilylamine 250 (Fluka, Buchs, Switzerland). For K + measurements, the micropipette was back filled with 100 251 mM KCl and front filled with K + ionophore (potassium ionophore I cocktail B; Fluka, Bachs, 252 Switzerland). For Na + measurements, the micropipette was backfilled with 100 mM NaCl and 253 front filled with Na + ionophore (sodium ionophore II cocktail A; Fluka, Buchs, Switzerland). 254
Ion-selective microelectrodes were dipped in a solution of polyvinylchloride in tetrahydrofuran 255 to prevent the ionophore from leaking out of the microelectrode upon contact with the paraffin 256 oil. The circuit was completed with a reference electrode, pulled from glass capillaries (IB200F-257 4, World Precision Instruments, Sarasota, FL, USA), and backfilled with 500 mM KCl. Both 258 electrodes were connected to an amplifier (ML 165 pH Amp), which was connected to 259
PowerLab 4/30 data acquisition system (AD Instruments Inc., Colorado Springs, USA). Data 260 were recorded using Labchart 6 Pro software (AD Instruments Inc.). 261
Ion concentrations (mM) in the secreted droplets were calculated using the following equation (1) 264
where [X] is the concentration of the secreted fluid droplet, [C] is the ion concentration of one of 265 the standards, ∆V is the voltage difference between the secreted fluid droplet and the voltage 266 measured in the same standard, S is the difference in voltage between two standard solutions 267 (which cover a 10-fold difference in ion concentration). Rates of ion secretion from the tubule 268 were then calculated from droplet concentrations and fluid secretion rates. Each dissection took approximately two minutes and ganglia were transferred to a 276 microcentrifuge tube containing methanol:acetic acid:water (90:9:1) held on ice as they were 277 individually dissected to produce three biological replicates, each containing 20 ganglia, which 278 were stored at -80°C for later analysis. Peptidergic extracts were then isolated by sonicating 279 ganglionic samples on ice for two consecutive 5 s pulses using an XL 2000 Ultrasonic Processor 280
(Qsonica LL, Newtown, CT, USA). Ganglionic and haemolymph homogenates were then 281 centrifuged at 10,000 ´ g for 10 min at 4°C. The supernatants were transferred to a new 282 microcentrifuge tubes, dried in a Jouan RC10 series vacuum concentrator (Jouan Inc., 283
Winchester, VA, USA) and reconstituted in 0.4% trifluoroacetic acid (TFA). Samples were then 284 applied to C18 Sep-Pak cartridges (Waters Associates, Mississauga, ON, Canada) following 285 sequential washing and equilibration with 10 mL of acetonitrile (ACN), 5 mL of 50% ACN, 286 0.5% acetic acid (HAcO), and finally 5 mL 0.1% TFA. To ensure complete binding of 287 peptidergic extracts, samples were passed through the Sep-Pak cartridge at least three times. 288
Once the samples were loaded, the cartridges were first washed/desalted with 5 mL 0.1% TFA 289 and subsequently with 5 mL 0.5% HAcO to remove TFA. Samples were then eluted with 2 mL 290 each of 0.5% HAcO, 10%, 20%, 30%, 40% and 50% ACN all containing 0.5% HAcO. The 291 eluants were dried in a vacuum concentrator as above and samples were then stored at -20°C for 292 later quantification analysis using an enzyme-linked immunosorbent assay (ELISA). 293
A CAPA peptide-specific ELISA was developed based on an earlier report describing a 294 crustacean cardioactive peptide (CCAP)-specific ELISA used in the stick insect, Baculum 295 extradentatum (Lange and Patel, 2005) . A rabbit anti-CAPA affinity purified polyclonal 296 antibody (a generous gift from Prof. Ian Orchard, University of Toronto Mississauga) was 297 diluted 1:1000 in carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.4) and 100 µL of 298 this antibody solution was applied into each well of a high-binding 96-well ELISA plate 299 (Sarstedt Inc., Montreal, QC) and incubated overnight at 4°C. The following day, wells of the 300 ELISA plate were washed three times with 250 µL wash buffer (346 mM NaCl, 2.7 mM KCl, 301 1.5 mM KH2PO4, 5.1 mM NaH2PO4, 0.5% Tween-20) and after the final wash, each well was 302 loaded with 250 µL block solution (phosphate buffered saline containing 0.5% (w/v) each of 303 skim milk powder and protease-free bovine serum albumin) and incubated for 1.5-2 h at room 304 temperature (RT). During the blocking step, standards and unknowns were prepared as follows: 305 commercially synthesized D. melanogaster CAPA2 (DromeCAPA-2: ASGLVAFPRV-NH2) 306
peptide and an N-terminally biotinylated DromeCAPA2 (biotin-CAPA-2) peptide analog 307 (Genscript Inc., Piscataway, NJ) were prepared in block solution. Serial dilutions of synthetic 308
DromeCAPA-2 ranging between 2.5 fmol/100 µL and 50 pmol/100 µL were loaded in triplicate 309 onto the ELISA plate along with block solution alone applied to wells with and without antibody 310 coating (for maximum signal and blank/background controls, respectively). Once standards were 311 loaded, aliquots of the dried ganglionic fractions or haemolymph samples from above 312 resuspended in block solution were loaded (100 µL/well) in triplicate onto the ELISA plate. The 313 standards and unknowns were incubated at RT for 1.5 h and then 100 fmol of biotin-314
DromeCAPA-2 was dispensed to each well already containing the standards or unknown 315 samples and the plate was incubated overnight at 4°C on a bidirectional rocking platform. The 316 next day, contents in the wells were discarded and the plate was washed four times with wash 317 buffer (250 µL/well). After the last wash was discarded, wells were loaded with 100 µL Avidin-318 HRP conjugate (Bio-Rad, Mississauga, ON) diluted 1:2000 in block buffer and incubated for 1.5 319 h at RT. Following this incubation, contents in the wells were discarded and the plate was 320 washed three times with wash buffer (250 µL/well). After the final wash solution was discarded, 321 each well was loaded with 3,3′,5,5′-tetramethylbenzidine (TMB) liquid horseradish peroxidase 322 substrate and incubated for approximately 10 min at RT to allow blue end product development. 323
Without discarding the TMB solution, each well then received 100 µL of 2N HCl to stop the 324 reaction and the absorbance was then measured at 450 nm using a Synergy 2 Multi-Mode 325
Microplate Reader (BioTek, Winooski, VT, USA). Kruskal-Wallis tests, followed by Wilcoxon rank sum tests (if the data were not normally 340 distributed). In all cases, post-hoc analyses were corrected for multiple comparisons (Benjamini 341 and Hochberg, 1995) . All values reported in the results are mean ± sem unless otherwise stated. 342
Results 344
Short-term effects of CAPA on chill coma recovery 345
The effects of CAPA injection during a short (3 h) chilling stress on chill coma recovery time 346 (CCRT) were strongly dose-dependent (Figure 1) , and sham injected flies recovered from chill 347 coma slightly later than those given no injection (Two-way ANOVA: F=123.4, P<0.001). Flies 348 injected with the lowest dose of CAPA peptide (10 -15 M) recovered from chill coma 3.65 min (or 349 33%) more slowly than sham injected flies, while those injected with the highest dose (10 -6 M) 350 recovered 1.94 min (or 20%) faster than sham injected flies, on average. Flies injected with 351 CAPA peptide 30 min into the cold stress recovered more quickly than those injected 2 h into the 352 cold stress (F=51.6, P<0.001), regardless of the dose applied, but the same trend was observed in 353 sham and even control flies (that received no injection), indicating that this effect of timing is 354 likely an artefact and that the timing of CAPA injection has little effect on CCRT (Figure 1 were observed 24 h after injection. CAPA injection significantly affected the incidence of 371 chilling injury and death following this prolonged cold exposure ( Figure 2B , Kruskal-Wallis test: 372 H=22.9, P<0.001). Flies injected with a low dose (10 -15 M) of CAPA peptide had lower survival 373 scores than those given a sham injection (P=0.011), while those given a high dose (10 -6 M) were 374 more likely to be uninjured 24 h after removal from the cold (P = 0.019). The median survival 375 score for a fly injected with a low dose (10 -15 M) of CAPA peptide was 2 (a fly that was moving 376 but unable to stand) while that of a fly injected with a high dose (10 -6 M) was above 4 (A fly that 377 can climb with coordination and potentially fly). 378 379
Effects of CAPA on Malpighian tubule function 380
To test whether the observed effects of CAPA peptide on cold tolerance were driven by effects 381 on Malpighian tubule function we directly measured tubule fluid and ion secretion rates using 382
Ramsay assays. The dose of CAPA applied to tubules significantly altered rates of primary urine 383 production ( Figure 3A; H=8.3, P=0.016) . Specifically, tubules treated with 10 -15 M CAPA had 384 approximately 28% lower secretion rates relative to both control (saline only; P=0.032) and a 385 higher dose (10 -6 M) of CAPA peptide (P=0.024). The dose of CAPA applied did not affect 386
[Na + ] of the secreted fluid ( Figure 3B; H=2.1, P=0.348) , but strongly affected [K + ] in the 387 secreted fluid ( Figure 3C ; H=18.0, P<0.001). Tubules bathed in 10 -6 M CAPA peptide produced 388 fluid with significantly higher [K + ] than both control tubules (42% higher, P<0.001) and those 389 bathed in the lower dose of CAPA peptide (34% higher, P=0.005), while fluid from tubules 390 bathed in 10 -15 M CAPA and control tubules did not differ in [K + ] (P=0.849). Using fluid 391 secretion rates and measured ion concentrations, we quantified rates of ion secretion by the 392 tubules during the assay. The dose of CAPA peptide applied had significant effects on the 393 secretion of both Na + (Figure 3D ; H=8.5, P=0.014) and K + ions ( Figure 3E; H=10.1, P=0.006) . 394
In the case of Na + , tubules bathed in the lower dose (10 -15 M) of CAPA peptide secreted less Na + 395 than control tubules (P=0.021) or those bathed in 10 -6 M CAPA (P=0.043). Tubules bathed in 396 10 -15 M CAPA secreted significantly less K + than those bathed in 10 -6 M CAPA (P=0.004), and 397 K + secretion from control tubules was intermediate between the two CAPA treatments (P>0.05 398 in both cases). Using rates of Na + and K + secretion, we calculated the ratio of these two ions 399 secreted from the tubules (Na + :K + ratio), and this ratio was significantly impacted by the dose of 400 CAPA peptide administered ( Figure 3F ; H=9.4, P=0.009). Malpighian tubules exposed to 10 -6 M 401 CAPA had a significantly lower Na + :K + ratio than control tubules P=0.008), and tubules exposed 402 to 10 -15 M CAPA did not differ from either the control (P=0.306) or the 10 -6 M CAPA peptide 403 treatment (P=0.072). 404 405
Effects of cGMP on Malpighian tubule function 406
We tested for effect of two doses of 8-bromo-cGMP on the function of Drosophila tubules. The 407 dose of cGMP applied significantly impacted rates of primary urine production ( Figure 4A ; 408 F=3.8, P=0.030). Tubules bathed in 10 nM (10 -8 M) cGMP had reduced rates of secretion 409 relative to control tubules (P=0.034), whereas tubules exposed to 1 mM cGMP (10 -3 M) had 410 similar rates of secretion to control tubules (P=0.893). As with CAPA peptide treatments, we 411 found that the dose of cGMP did not impact [Na + ] ( Figure 4B ; F=0.4, P=0.673) or [K + ] in the 412 secreted fluid ( Figure 4C; F=2.4, P=0.103) . The dose of cGMP applied significantly impacted 413 Na + secretion rates ( Figure 4D; F=4.3, P=0 .021) and tended (nearly significantly) to impact K + 414 secretion rates ( Figure 4E; F=3.2, P=0.051) . Post-hoc analyses revealed that tubules exposed to a 415 low dose of cGMP (10 -8 M) secreted significantly less Na + (P=0.027) and K + (P=0.041) than 416 control tubules, while those exposed to the higher dose of cGMP (10 -3 M) did not differ from the all CAPA material is simultaneously released from the nervous system would be ~512 nM. 444
445
Discussion 446
This study is the first to report contrasting dose-dependent effects of CAPA peptides on fluid and 447 ion secretion by the Malpighian tubules of Drosophila melanogaster, and the first to describe 448 negative effects of a neuropeptide on the chill tolerance of any insect. These results support 449 previous findings related to both high and low doses of CAPA peptides, and raise additional 450 questions about the role of CAPA neuropeptides in insects in vivo. Similar to prior evidence 451 (Terhzaz et al., 2015) , we found that a micromolar dose of CAPA peptide led to faster recovery 452 from chill coma in D. melanogaster. We also report, for the first time, a significant effect of 453 CAPA administration on survival following prolonged chilling ( Figure 2B) . 454
Notably, the effects of CAPA injection on chill coma recovery time (CCRT) were similar 455 whether flies were injected early or late in the cold stress (see Figure 1 , insert). Recovery from 456 chill coma has been suggested to be dependent on the degree to which an insect has lost ion 457 balance in the cold (dependent on the temperature and duration of cold stress), as well as the rate 458 of ion and water homeostasis recovery following rewarming (MacMillan et al., 2012; Overgaard 459 and MacMillan, 2017). If this is the case, our current result implies that the effects of CAPA 460 peptide on ion and water balance are minimal during the cold stress and that the titre of CAPA in 461 the haemolymph is instead primarily influencing rates of ion transport (and thus the recovery of 462 ion balance) upon rewarming. Given these results, and the knowledge that CAPA receptors are 463 Injection of CAPA peptide was previously demonstrated to have no effect on the survival of 475 D. melanogaster following 1 h at -6°C (Terhzaz et al., 2015) . Our approach in the present study 476 differed in that the flies were instead subjected to a chronic exposure to a less extreme 477 temperature (16 h at 0°C). Here, flies injected with a low dose of CAPA (10 -15 M) 30 mins 478 before they were removed from the cold suffered greater chilling injury, while those injected 479 with a high dose (10 -6 M) were significantly less injured than control flies 24 h following the 480 cold stress. Injuries suffered from chilling in the absence of ice formation are often conceptually 481 divided into direct chilling injury (resulting from severe acute cold stress) and indirect chilling 482 injury (resulting from chronic, but more mild cold stress). These two forms of injury have also 483 been suggested to be associated with different underlying mechanisms; while direct chilling 484 injury is thought to be a consequence of irreversible membrane phase changes and protein 485 denaturation, indirect chilling injury is instead attributed to a more gradual loss of ion and water 486 (Figure  497 3D,E). Since the initial description of CAPA peptides as modulators of Malpighian tubule 498 secretion rates in D. melanogaster (Davies et al., 1995) , no studies to our knowledge, have tested 499 the effects of this peptide on fluid secretion below concentrations of 1 nM (10 -9 M) in this 500 species. Instead, most have described the stimulatory effects of higher concentrations (typically (10 -6 M) doses of CAPA did not stimulate fluid secretion (Figure 3) . We cannot account for this 513 discrepancy. In the present study, however, despite failing to stimulate fluid secretion, 10 -6 M 514 CAPA instead led to kaliuresis (higher [K + ] in the secreted fluid). This finding is significant, as it 515 presents a plausible mechanism for increased chill tolerance following injection of high doses of 516 CAPA peptide. In studies conducted on D. melanogaster to date, improvements in chill tolerance 517 are associated with increased rates of K + clearance by the tubules. For D. melanogaster, 518 acclimation of flies to 10°C is associated with a compensatory increase in the rates of K + 519 secretion by the tubules (Yerushalmi et al., 2018) . Similarly, cold-adapted Drosophila species 520 maintain high tubule K + secretion rates in the cold (3°C) better than species adapted to warmer 521 climates (MacMillan et al., 2015d). Either of these strategies would help to avoid hyperkalemia 522 in the cold and/or more rapidly recover from ionic imbalance upon rewarming, provided that 523 press). In the case of larval mosquitoes, higher doses of cGMP (10 -3 M) induce a very modest 536 (non-significant) increase in fluid secretion (Ionescu and Donini, 2012) , while in adult 537 mosquitoes no such stimulation could be induced with higher levels of cGMP (Sajadi et al., in 538 press). Accordingly, in the present study we tested whether similar low (10 -8 M) and high (10 -3 539 M) doses of cGMP could mimic these effects in Drosophila (Figure 4 ). While the effects of 10 -8 540 M cGMP mirrored the effects of a low dose (10 -15 M) of CAPA in Drosophila (reduced rates of 541 fluid, Na + and K + secretion), 10 -3 M cGMP did not stimulate fluid secretion, nor did it induce 542 kaliuresis. Indeed, exposure of D. melanogaster tubules to 10 -3 M cGMP had no significant 543 effects on tubule secretion rates, ion concentrations in the secreted fluids, nor rates of ion flux by 544 the tubules (Figure 4) . Thus, the impacts of cGMP on tubule secretion in adult Drosophila 545 appear to mimic those observed in A. aegypti (Ionescu and Donini, 2012; Massaro et al., 2004; 546 Sajadi et al., in press) as well as many other insects including beetles 547 Wiehart et al., 2002) and hemipterans (Paluzzi and Orchard, 2006; Quinlan and O'Donnell, 548 1998) . Our results support the idea that low doses of CAPA peptide slow rates of fluid secretion 549 through cGMP signaling, since this second messenger mimicked the anti-diuretic activity of this 550 neuropeptide. In larval A. aegypti, stimulatory effects of high doses of AedesCAPA-PVK-1 or 551 high doses of cGMP can be reversed through addition of specific inhibitors of protein kinase A 552 (Ionescu and Donini, 2012) , which suggests that high levels of CAPA peptide may be 553 pharmacological, inadvertently activating the signaling cascade that drives diuresis and thereby 554 overwhelming any effects of cGMP. As we did not observe diuretic effects following application 555 of high titres of CAPA peptide in the present study, we were unable to test whether a similar 556 effect can explain CAPA-induced diuresis in D. melanogaster. 557
Given our observations that CAPA peptide can both improve and hinder cold tolerance in 558 D. melanogaster depending on the dose applied, we were curious whether flies are capable of 559 reaching micromolar titres of CAPA peptide in the haemolymph. Accordingly, we developed a 560 D. melanogaster CAPA peptide-specific ELISA. Despite pooling haemolymph of 60 flies per 561 sample, we were unable to detect CAPA peptides in the haemolymph of D. melanogaster, which 562 suggests that total CAPA levels in these samples (collected from flies under control conditions, 563 23°C) are below our lowest standard (25 fmol). In order for us to detect CAPA in these pooled 564 samples, each fly would have to contribute approximately 0.42 fmol of CAPA, which represents 565 ~1% of the CAPA peptide quantified in a single thoracicoabodominal ganglion (see below), and 566 our technique of haemolymph extraction typically obtains ~56 nL of haemolymph from an adult 567 female fly (MacMillan and Hughson, 2014). Thus, in order for us to detect CAPA in the 568 haemolymph, D. melanogaster would have to have a mean circulating titre of CAPA peptide 569 equal to or greater than 7.4 nM. As we did not detect CAPA in these samples we suggest that 570 resting titres are below this concentration. Using the same ELISA, however, we were able to 571 detect CAPA peptide in pooled samples of the thoracicoabdominal ganglion ( Figure 5 ), a region 572 of the CNS that houses the Va neurons, where CAPA is produced and stored in Drosophila 573 (Kean et al., 2002; Terhzaz et al., 2015) . Based on the abundance of CAPA neuropeptides in the 574 entire nervous system where CAPA is produced, we estimate that if all of this peptide was 575 released at once, flies could reach a maximum of about 500 nM CAPA peptide circulating in the 576 haemolymph. This en masse release of all CAPA content is unlikely however, since 577 neuropeptides are released as neurohormones from specialized neurohaemal organs (Wegener et 578 al., 2006) , including notably the abdominal perivisceral organs where CAPA peptides have been 579 localized and found to be most abundant in a variety of insects , 580 including in D. melanogaster (Predel et al., 2004) . Importantly, and consistent with earlier 581 observations in the blowfly Calliphora erythrocephala (Duve et al., 1988; Nässel et al., 1988) , 582 the D. melanogaster adult abdominal neurohaemal organs are directly incorporated into the fused 583 ventral ganglion and localized to the dorsal neural sheath (Predel et al., 2004) . In light of this, 584 these results suggest that if flies are capable of reaching micromolar levels of CAPA in the 585 haemolymph, it would likely require, at minimum, a doubling of CAPA peptide abundance 586 above resting levels in the CNS and synchronous release of all CAPA peptides stored within the 587 nervous system. This potential complete release en masse is unlikely, however, since in vitro 588 induction of neuropeptide release from neurohaemal organs has shown to be only fractional 589 amounts compared to the total immunoreactive material present within the nervous system or 590 neurohaemal organ. For example, in the cockroach Leucophaea maderae, leucokinin release 591 from the retrocerebral complex induced by depolarization using high potassium saline resulted in 592 only about 2% release of the total immunoreactive material present within the corpora cardiaca-593 corpora allata complex (Muren et al., 1993) . Similarly, in the house cricket Acheta domesticus, 594 release of acheta-kinin following depolarization with high potassium saline from the 595 retrocerebral complex, which is the richest source of this neuropeptide, found released peptide 596 represented less than 4% (i.e. ~70 fmol released from ~1800 fmol stored in each retrocerebral 597 complex) of the total acheta-kinin immunoreactive material present within this neurohaemal 598 organ (Chung et al., 1994) . Lastly, we note that both cold and desiccation stress have been 599 demonstrated to cause upregulation of Capa mRNA, which may elevate CAPA levels in the 600 CNS, and CAPA has been suggested to only be released in D. melanogaster upon removal from 601 the desiccation or cold stress (Terhzaz et al., 2015) . Further efforts are thus required to determine 602 whether or not Drosophila and other dipterans are capable of reaching levels of CAPA that can 603 stimulate diuresis, and if so, which abiotic conditions specifically lead to this strategy. Critical to 604 this discussion is the direct detection and measurement of circulating levels of CAPA peptide in 605 nanoliter scale haemolymph samples under a variety of highly dynamic conditions, and such an 606 approach in future studies could involve matrix-assisted laser desorption/ionization time-of-flight 607 mass spectrometry (Chen et al., 2009; Fastner et al., 2007) . 608 Chronic exposure to low temperatures suppresses the ability of insects to maintain ion and water 609 homeostasis, causing progressive hyperkalemia and cell death. Our results suggest that CAPA 610 peptides can positively and negatively impact chill tolerance in D. melanogaster in a dose-611 responsive manner. Low (femtomolar) doses of CAPA cause anti-diuresis and limit clearance of 612 [K + ] at the Malpighian tubules, limiting the ability of flies to recover ion and water balance upon 613 rewarming and impairing chill tolerance. By contrast, high (micromolar) doses of CAPA cause 614 kaliuresis (and based on previous reports also diuresis), facilitating [K + ] clearance from the 615 haemolymph and improving chill tolerance. We argue that the anti-diuretic effects of CAPA 616 operate through cGMP, and question whether levels of CAPA peptide can reach micromolar 617 levels and stimulate diuresis in vivo. Although a wide variety of other neuropeptides are known 618 to influence insect ion and water balance through their effects on Malpighian tubule and gut 619 epithelia, none other than CAPA have been tested in the context of chill tolerance. ± sem chill coma recovery time of flies exposed to 16 h at 0°C. B). Boxplot of survival scores of 862 flies following 16 h at 0°C. Survival was scored on a five point scale, with a score of 5 being a 863 fly that is able to stand, walk in a coordinated manner, and initiate flight, and 1 being a fly 864
showing no signs of life (see methods for details). The central horizontal line indicates the 865 median value, the box represents the inter-quartile range, and vertical lines denote the full range 866 of the data. In both experiments, flies were injected 15 h into a cold stress of 16 h at 0°C. Flies 867
were injected with saline containing CAPA peptide to achieve an effective circulating titer of 10 -868 15 or 10 -6 M in the haemolymph, were given a sham injection of saline only or received no 869 injection (control). Bars or boxes that share a letter within a panel do not significantly differ. containing 20 ganglia. 907 908
